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The importance of established and emerging tick-borne pathogens in Central and Northern Europe is
steadily increasing. In 2007, we collected Ixodes ricinus ticks feeding on birds (n = 211) and rodents (n = 273),
as well as host-seeking stages (n = 196), in a habitat in central Germany. In order to find out more about their
natural transmission cycles, the ticks were tested for the presence of Lyme disease borreliae, Anaplasma
phagocytophilum, spotted fever group (SFG) rickettsiae, Francisella tularensis, and babesiae. Altogether, 20.1%
of the 680 ticks examined carried at least one pathogen. Bird-feeding ticks were more frequently infected with
Borrelia spp. (15.2%) and A. phagocytophilum (3.2%) than rodent-feeding ticks (2.6%; 1.1%) or questing ticks
(5.1%; 0%). Babesia spp. showed higher prevalence rates in ticks parasitizing birds (13.2%) and host-seeking
ticks (10.7%), whereas ticks from small mammals were less frequently infected (6.6%). SFG rickettsiae and F.
tularensis were also found in ticks collected off birds (2.1%; 1.2%), rodents (1.8%; 1.5%), and vegetation (4.1%;
1.6%). Various combinations of coinfections occurred in 10.9% of all positive ticks, indicating interaction of
transmission cycles. Our results suggest that birds not only are important reservoirs for several pathogens but
also act as vehicles for infected ticks and might therefore play a key role in the dispersal of tick-borne diseases.

Lyme borreliosis is the most frequent arthropod-borne dis-
ease in the northern hemisphere (6), but other pathogens, such
as intracellular bacteria of the order Rickettsiales (Anaplasma
phagocytophilum, spotted fever group [SFG] rickettsiae), Fran-
cisella tularensis, and intraerythrocytic parasites of the genus
Babesia, have gained more and more importance as tick-borne
agents in Europe (52). The castor bean tick (Ixodes ricinus) has
a three-host life cycle, which means that it ingests a blood meal
in each life stage before it molts. When transovarial transmis-
sion of a pathogen is absent or very rare, as is the case with
Borrelia spp. (63), A. phagocytophilum (10), and Babesia microti
(15), detection of these agents in feeding larvae is an indication
of pathogen transmission from an infected reservoir host to the
tick. With the exception of SFG rickettsiae, which use ticks as
the vector and reservoir, established and emerging pathogens
are maintained by vertebrate reservoirs during their life cycles.
Although methods for detection and characterization are con-
stantly improving, the ecology of tick-borne pathogens, partic-
ularly their reservoir host specificity, is still not understood in
detail.

The agents of Lyme disease form a very heterogeneous com-
plex, which can be subdivided into several clusters by phyloge-
netic analysis of genes (e.g., ospA) or noncoding regions. Sev-
eral bird, rodent, and reptile species act as reservoirs for these
spirochetes (32).
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Anaplasma phagocytophilum is the causative agent of human
granulocytic anaplasmosis (HGA), an influenza-like illness of
humans and domestic animals which is widespread in Europe.
Sheep, deer, and rodents have been discussed as reservoir
hosts for HGA agents (28, 31). Birds might be of importance in
the dispersal of Anaplasma-infected ticks over long distances
(18).

At least half of the about 30 SFG rickettsiae distributed
worldwide that have been described so far are known to be
pathogenic for humans. Because efficient transovarial trans-
mission of SFG rickettsiae from female ticks to larvae has been
described for several species, e.g., Rickettsia parkeri, R. slovaca,
and R. helvetica, the tick vector can also be regarded as a
reservoir host (38). Some small mammals, like meadow voles
and chipmunks, develop a strong rickettsemia which might
allow transmission to parasitizing ticks (38). Although a vehicle
function of birds is hypothesized (13), further investigations
are needed to ascertain their possible role as reservoir hosts for
SFG rickettsiae.

Tularemia is a zoonotic disease caused by F. tularensis. In
Germany, only the subspecies F. tularensis subsp. holarctica is
prevalent, primarily in wild mammals (lagomorphs and ro-
dents), but humans can become infected through the bite of
hematophagous arthropods, by direct contact with infected
animals (mostly hares), by ingestion of contaminated food or
water, or by inhalation of infected aerosols (57). Potential
vectors include ticks, mosquitos, and deer flies (40). However,
in Germany, only ticks seem to play a relevant role. Move-
ments of birds that excrete the bacteria with their feces might
explain the transfer to islands and over long distances (35).

Besides bacterial and viral agents, pathogenic parasites are
also transmitted by I ricinus. Protozoa of the genus Babesia
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TABLE 3. Infection rates and species classification of pathogens in questing ticks collected in Reifenstein
(central Germany) from May to October 2007

Borrelia spp. Rickettsia spp. Babesia spp.

No. of Prevalence of F.
No. of infected nymphs®/adult infected No. of infected ) N

Source Prevalence - ymphs~/adults Prevalence nymphs®/ Prevalence nymphs?/adults ularensis .
(% [no. positive/ (% [no. positive/ adults (% [no. positive/ (% [no. posm;/e/

no. tested]) no. tested]) no. tested]) no. tested])

Bo. Bo. 6 vI4 NI : Ba. Ba.
burgdorferi  afzelii 8 helvetica microti  divergens

Ticks (total) 5.1 (10/196) 4.1 (8/196) 10.7 (21/196) 1.6 (3/192)

Nymphs 2.5 (4/162) 3.7 (6/162) 12.3 (20/162) 1.9 (3/159)

Adults 17.6 (6/34) 1/3 /1 01 1/1 10 5.9 (2/34) 11 51 2.9 (1/34) In 11/0 (0/33)

“ The numbers of infected nymphs and adults are described in the text.
’ Including coinfections (Fig. 1).

¢ g6, Bo. garinii OspA type 6.

41, Bo. valaisiana subtype 1.

¢ NI, species not identified.

Anaplasma phagocytophilum infections. Agents of human
granulocytic anaplasmosis were rare in ticks collected off birds
(3.2%) and rodents (1.1%). All positive amplicons were iden-
tified as A. phagocytophilum. Although 7.1% of the birds were
carrying Anaplasma-infected ticks, only two out of six infec-
tions were found in bird-feeding larvae (Table 1). One of them
was feeding on a robin, and the other one was feeding on a
blackbird, together with a nymph infected with the same patho-
gen. In contrast to this, all Anaplasma infections in ticks re-
moved from small mammals were detected in larvae feeding on
different yellow-necked mice (Table 2). None of the host-
seeking ticks was found to be infected with A. phagocytophilum.

Rickettsia infections. Spotted fever group rickettsiae oc-
curred in bird- and rodent-feeding ticks (2.1% and 1.8%, re-
spectively) as well as in questing stages (4.1%). No significant
differences in the prevalence of these agents could be observed
between ticks from different sources (P > 0.05). Species iden-
tification of positive amplicons derived from bird-feeding ticks
resulted in R. monacensis and R. helvetica (Table 1). Only
blackbirds were parasitized by Rickettsia-positive ticks (8.3%).
Small mammals were almost exclusively infested with R. hel-
vetica-infected I. ricinus ticks.

Francisella tularensis infections. Francisella tularensis was de-
tected in I ricinus ticks in Germany for the first time, showing
prevalence rates of 1.2% for bird-feeding ticks, 1.5% for ro-
dent-feeding ticks, and 1.6% for host-seeking ticks (Tables 1 to
3). One yellow-necked mouse carried three F. tularensis-in-
fected larvae.

Babesia infections. Parasites of the genus Babesia were fre-
quently found in samples from all sources. The majority of
Babesia infections were detected in bird-feeding ticks (13.2%)
and questing ticks (10.7%). Ticks collected off rodents showed
a Babesia prevalence rate of 6.6%. In all three groups, further
classification revealed the presence of large and small Babesia
spp. (Ba. divergens and Ba. microti). Feeding larvae removed
from birds and small mammals were also infected with patho-
genic babesiae and even with the species Ba. microti, which is
not transovarially transmitted (Tables 1 and 2). Voles and mice
were almost equally parasitized by Babesia-infected ticks
(12.3% and 8.6%, respectively). Blackbirds were most fre-
quently infested with Babesia-positive ticks (45.8%), showing a
prevalence of 17.8%. One blackbird was parasitized by three
Babesia-infected larvae (two Ba. divergens, one Ba. microti) and
one positive nymph (Ba. divergens). On another blackbird,

Borrelia spp. A. phagocytophilum Rickettsia spp. Babesia spp.
bu af ba g3 g5 g6 g8 vl vl n.i. mon hel n.i. mic div n.i.
A b L ]
[ —
S —
L |
L |
L |
L |
B ]
| |
c —

FIG. 1. Coinfections detected in bird-feeding (A), rodent-feeding (B), and host-seeking (C) I ricinus ticks collected in Reifenstein (central
Germany) from May to October 2007. Every horizontal line stands for one coinfected tick (thin lines, larvae; bold lines, nymphs). bu, Bo.
burgdorferi; af, Bo. afzelii; ba, Bo. bavariensis; g3, g5, g6, and g8, Bo. garinii OspA types 3, 5, 6, and 8, respectively; vI and vII, Bo. valaisiana subtypes
I and 11, respectively; mon, R. monacensis; hel, R. helvetica; mic, Ba. microti; div, Ba. divergens.
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three Ba. divergens-infected larvae were found. Positive 18S
rRNA amplicons were also detected in ticks from bullfinch,
dunnock, and marsh warbler, but due to the small sample size,
prevalence rates were not calculated for each bird species.

Coinfections. A total of 10.9% (15/137) of all positive ticks
were infected with at least two pathogens, and one-third of
those (5/15) were coinfected with Borrelia and Babesia species.
Other combinations were Borrelia spp. and Rickettsia spp. (2/
15), Babesia spp. and Rickettsia spp. (2/15), Babesia spp. and A.
phagocytophilum (2/15), and mixed infections with different
Borrelia genospecies (4/15) (Fig. 1). The highest number of
coinfections was found in bird-feeding pathogen-positive ticks
(16.1%; 10/62; Fig. 1), all of which were collected off black-
birds. One blackbird carried subadult ticks that were alto-
gether infected with six pathogens (Bo. bavariensis, Bo. valaisi-
ana subtype 11, A. phagocytophilum, R. monacensis, R. helvetica,
Ba. divergens). Another three blackbirds were infested with
pools of larvae infected with altogether three pathogens: Bo.
garinii OspA type 6, Bo. valaisiana subtype 1, and Ba. microti;
Bo. bavariensis, Ba. microti, and Ba. divergens; and Bo. burgdor-
feri, Bo. garinii OspA type 6, and Ba. divergens).

The rate of coinfections in positive ticks collected off rodents
was 6.6% (2/32). One yellow-necked mouse carried a larva
infected with a combination of A. phagocytophilum and Ba.
divergens. One nymph from a vole was found to be infected
with Bo. burgdorferi and an unidentified Babesia species. Coin-
fections in host-seeking ticks occurred in 10.7% of the positive
ticks (3/37), all of which were nymphs (Fig. 1).

DISCUSSION

Our data revealed that birds, in contrast to small mammals,
constitute a major role as tick hosts in the investigation area.
Other investigations have shown mean numbers of ticks per
infested bird lower than the mean numbers found in the
present study (3.5), reaching from 0.9 in Slovkia (50) to 2.6 in
Sweden (5). A previous investigation in the area of Reifenstein
resulted in a value of 2.5 ticks per infested bird (26). However,
the mean rate of infestation strongly depends on the bird
species included in the particular study. It is not surprising that
ground-living birds show higher rates of infestation than other
species. Even though they bear a high level of exposure to
ticks, small mammals were less frequently infested with I. ric-
inus than birds. It has been shown that some rodent species are
able to develop immunological resistance against tick antigens,
leading to inefficient feeding and preterm detachment of ticks
(7). In contrast, in the present study we could not observe
significant differences in the mean rates of infestation with
engorged ticks between mice and voles.

Because of the high prevalence of Borrelia spp. in feeding
stages of 1. ricinus (15.2%), ground-foraging passerines seem to
be of major importance in the infectious cycle of Lyme disease
spirochetes and constitute a key role in the maintenance of a
multitude of Borrelia species. Other European studies reported
Borrelia sp. infection rates of bird-feeding ticks ranging from
1.4% in Sweden (5) to 27.4% in Poland (9) and from 14.1% to
27.6% in Germany (14, 26, 54).

Birds are known to act as reservoir hosts for Bo. burgdorferi,
Bo. garinii, and Bo. valaisiana, whereas other species, such as
Bo. afzelii and Bo. bavariensis, were regarded as rodent asso-
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ciated (32). The fact that we found rodent-associated Borrelia
spp. in bird-feeding ticks and even in larvae suggests that these
associations might be not as strict as were previously thought.
This is not the first time that Bo. afzelii has been detected in 1.
ricinus ticks feeding on birds (5, 26, 56) and even in larvae (9,
37, 42). In a study on a bird conservation island in the Baltic
Sea, Bo. afzelii infections were evident in 11 out of 27 Borrelia-
infected bird-feeding ticks, and 6 of them were larvae (14).
Transovarial transmission of borreliae in I ricinus is very rare
(63), and due to the absence of other infected ticks, cofeeding
transmission seems very unlikely in the above-mentioned sam-
ples. Thus, our data suggest that birds may also act as reser-
voirs for rodent-associated Borrelia species. The fact that bird
DNA has previously been detected in Bo. afzelii-infected quest-
ing ticks supports this hypothesis (12, 41). Thrushes (Turdus
spp.) in particular seem to be important reservoirs of various
Borrelia spp., which has also been suggested in previous studies
(5,9, 14, 26).

The low prevalence of borreliae in rodent-feeding ticks
(2.6%), particularly in larvae (0.8%), indicates that small mam-
mals are not the main reservoirs for these pathogens, at least in
the investigation area. Xenodiagnostic tests definitely proved
the reservoir competence of rodents, but in most of the studies
where high infection rates have been observed in rodent-feed-
ing larvae, the samples were tested via immunofluorescence
assay, involving a risk of cross-reactions (23, 33). Much lower
infection rates in feeding larvae have been revealed in other
studies, using the more specific PCR as the method of choice
(16, 27, 44, 47). Considering our results and data from the
literature, it can be assumed that in Europe, small mammals
might be of less importance in the transmission cycle of Lyme
disease spirochetes than was previously thought.

In contrast to other areas of central Germany, where inci-
dences of up to 150 cases per 100,000 inhabitants have been
observed, the incidence of human Lyme borreliosis in the in-
vestigation area was less than 40, which is in accordance with
the relatively low prevalence of spirochetes in host-seeking
ticks (5.1%). In comparison to the high prevalence of Borrelia
spp. in bird-feeding ticks (15.2%), this suggests that some
genospecies (e.g., Bo. afzelii and Bo. garinii OspA types 5 and
8; Tables 1 and 3) might fail in efficient transstadial transmis-
sion, because their expected prevalence in questing ticks
should be at least as high as it is in subadult host-feeding
stages. A more plausible explanation is that ticks parasitizing
birds have a much higher rate of dispersal than rodent-feeding
stages, which are less frequently infected. All examinations of
bird-feeding ticks in a particular area represent only a snapshot
of a current situation, and the majority of infected feeding ticks
might drop off in a different habitat.

The rare occurrence of HGA agents in bird-feeding ticks
(3.2%) might be the result of a reservoir incompetence of birds
for this pathogen, as was supposed in other studies (1, 49). In
contrast to this, a recent investigation revealed prevalence
rates of up to 14.3% in bird-feeding larvae in Norway via
quantitative PCR, whereas in Lithuania, none of the bird-
feeding ticks tested positive for A. phagocytophilum (39). This
suggests that birds act as reservoirs, and differences in the
prevalence rates are probably caused by endemic occurrences
of this agent. Rates of infection of questing ticks with A. phago-
cytophilum are also highly variable in different regions of Eu-
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rope, reaching from 0% to 5.4% in central Germany (19) to
14.9% in Norway (45) and 23.6% in Denmark (48), supporting
this hypothesis.

All Anaplasma-infected ticks from small mammals were lar-
vae. Although the total prevalence was low (1.1%), rodents
might be able to transmit these agents to ticks. This pathogen
has already been detected in rodent tissue and feeding ticks
(31, 53), but the duration of infectivity to ticks is low due to the
acute course of anaplasmosis in these hosts (2). Furthermore,
there is evidence that rodents develop immunity after infection
with A. phagocytophilum, leading to a decrease of infectivity
and the efficiency of cofeeding transmission (30). This explains
their limited reservoir competence for HGA agents. In con-
trast to our results, investigations from the United Kingdom
and Switzerland showed that voles are more frequently in-
fested with Anaplasma-positive ticks than mice (4, 31). In the
present study, the differences between the two species were not
significant (P > 0.05), possibly because the prevalence of this
agent in rodent-feeding ticks was very low.

Here, we report for the first time the occurrence of R.
monacensis and R. helvetica in bird-feeding ticks in central
Germany. The knowledge about the role of birds in the trans-
mission cycle of SFG rickettsiae is still poor. In the Car-
pathians, only one bird-feeding nymph was found to be in-
fected (50), whereas in Sweden a prevalence of 11.3% has
recently been detected (11). We also found both species in
7.3% of ticks feeding on birds on an island in the Baltic Sea
(18). Because the prevalence rate in the present study was low
(2.1%) and due to the possibility of transovarial transmission,
we cannot give solid evidence for a reservoir role for birds.
Further investigations, including xenodiagnostic tests, are nec-
essary to assess the role of birds as possible reservoirs for
pathogenic rickettsiae. Nevertheless, we can at least assume
that passerines act as vehicles and are therefore of importance
in the dispersal of these bacteria. We also found R. helvetica in
a small number of rodent-feeding ticks (1.8%). Data available
so far on the role of rodents in the transmission cycle of
rickettsiae are mainly based on seroprevalence studies, with
seroprevalence rates of rodents ranging up to 9.1% (62). R.
helvetica was recently reported in rodent-feeding ticks (larvae,
2.1%; nymphs, 8%) from Poland (51). Thus, our results rep-
resent the first detection of these pathogens in ticks feeding on
rodents in Germany. However, no conclusions on the reservoir
competence of small mammals can be drawn from our data,
which indicates the need for further investigations. Only xeno-
diagnostic tests with sterile larvae and rickettsiemic rodents
can fill this gap in knowledge.

The observed prevalence of SFG rickettsiae in host-seeking
ticks (4.1%) is within the range of data from Germany, where
infection rates of 0.4% up to 14.2% have been detected (8, 17,
41). A recent study in Thuringia reported a prevalence of
14.7% in questing ticks (19), suggesting that these agents are
also heterogeneously spread in Germany.

Francisella tularensis was found in host-feeding and questing
L ricinus stages for the first time in Germany. Occasional
records of F. tularensis in questing ticks have been reported
from Austria (52), Switzerland (61), Serbia (34), and Czecho-
slovakia (22). These agents can cause natural infections in a
wide range of animal species and can be transmitted by a large
number of arthropods (40). Infections in humans are usually
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caused by contact with infected lagomorphs (hares and wild
rabbits), but rodents are also an important reservoir. In a
recent study in Germany, 386 small mammals and 432 ecto-
parasites were tested with PCR for the presence of F. tularensis
DNA. The infected species were bank voles (Myodes glareolus),
water voles (Arvicola terrestris), field voles (Microtus agrestis),
common voles (Microtus arvalis), and yellow-necked mice
(Apodemus flavicollis). The overall carrier rate was 4.9%, but
none of the ectoparasites was positive (25). Birds may play a
role as disseminators of the bacteria over large distances. Rap-
tors, corvids, and gulls are usually resistant to infection with F.
tularensis (unless they are immunodeficient due to starvation),
but they can excrete the bacteria with their feces (35). Infected
animals and carcasses may be a source of infection for these
birds, but Haemaphysalis ticks, which can be found on rodents
and lagomorphs as well as on birds, might also play a role in the
transmission between these animals. Ixodes ricinus can harbor
up to 107 cells of F. tularensis after feeding on terminally ill
experimentally infected mice. A high degree of positivity was
maintained for 1 month, and transstadial transmission was
confirmed more than 1 year after infection (60). This indicates
that ticks can maintain a natural reservoir over long periods of
time.

The results of the present study (Table 1) support the as-
sumption that birds also act as reservoir hosts for pathogenic
babesiae (18). The life cycle of Babesia spp. is very complex,
and so far there is no evidence that cofeeding is a possible way
of transmission for this organism. At least for small Babesia
spp., which are not transmitted transovarially by I. ricinus (15),
a reservoir function of birds can be assumed, because one-half
of the Ba. microti-specific amplicons were detected in feeding
larvae. For large babesiae (e.g., Ba. divergens), where this form
of transmission is present, we can at least assign birds an
important role in the dispersal of Babesia-infected ticks.

Although Babesia infections have already been detected in
tissues of several rodent species (24, 46), the question of
whether these hosts are infective for parasitizing ticks could
not be answered due to a lack of xenodiagnostic investigations.
Here, we report for the first time the occurrence of Ba. microti
and Ba. divergens in rodent-feeding ticks (6.6%), particularly in
larvae (5.4%). By providing this missing link in the transmis-
sion cycle of pathogenic babesiae, we give solid evidence for a
reservoir role of small mammals, at least for Ba. microti-like
species. The fact that these agents were also present in a high
number of questing ticks (10.7%) indicates that the risk of
infection with pathogenic Babesia spp. in the investigation area
is relatively high. A slightly lower prevalence of 5.0% has been
detected in host-seeking ticks from another area in central
Germany (20), but the spread of babesiae in Europe shows a
high degree of variability. In Norway, only 0.9% of questing
ticks were infected with these agents (43), whereas in Austria,
a prevalence of 51.7% has been detected (3).

In view of the frequency (10.9%) and heterogeneity of coin-
fections detected in the present study, it can be assumed that
the risk of multiple infections for humans and animals is rel-
atively high, at least in the investigation area. Coinfections are
common among Lyme disease patients, often leading to severe
clinical manifestations and problems in diagnosis and treat-
ment (55). Multiple infections of feeding larvae, e.g., with
different Borrelia spp., indicate that the hosts were coinfected
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too. The fact that some blackbirds carried pools of larvae that
were altogether infected with multiple pathogens not transmit-
ted transovarially supports this assumption. Birds, particularly
blackbirds, seem to be a pivotal element for the conjunction of
the transmission cycles of different tick-borne pathogens. In a
recent study, we also found coinfected ticks on other bird
species, e.g., European robins (13).

In the present study we provide interesting insights into the
occurrence and cocirculation of established and emerging tick-
borne pathogens in a single natural habitat of central Ger-
many. Furthermore, we extend the state of knowledge on the
reservoir competence of several bird and rodent species and
their role in the dispersal of these agents. Nevertheless, many
ecological issues, especially regarding the biological fundamen-
tals for host-pathogen relationships, still remain unsolved. The
temporal and regional heterogeneities in the occurrence of
pathogens in host-feeding and questing ticks are a result of
interactions between ticks, reservoir hosts, and nonreservoir
hosts, each of which is affected by a multitude of biotic and
abiotic factors. These interactions are very complex and diffi-
cult to explore. Although our investigations took place in a
relatively small area in central Germany, our findings will most
probably also be observed in other areas of endemicity because
the host species examined are widely distributed all over Eu-
rope. Therefore, wide-ranging investigations on possible res-
ervoir hosts, including the measurement of climate parameters,
are indispensable for the reliable assessment of the risk of
tick-borne diseases.
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